, and spn-E 1 homozygous males mated to Oregon R females. For spn-E 1 males, 82% of the progeny hatched (n ϭ 652). Seventy-five percent of the progeny of armi 1 males hatched (n ϭ 571), but only 45% for armi 72.1 (n ϭ 710). In contrast, 97% of the offspring of wild-type males hatched (n ϭ 688). Thus, armi 72.1 is a stronger allele than armi 1 , at least with respect to the requirement for armi in testes.
Ovary Lysate Recapitulates RNAi In Vitro
Drosophila syncitial blastoderm embryo lysate has been used widely to study the RNAi pathway (Tuschl et al., 1999) . However, armi flies lay few eggs, making it difficult to collect enough embryos to make lysate. To surmount this problem, we prepared lysates from ovaries manually dissected from wild-type or mutant females. Approximately 10 l of lysate can be prepared from ‫05ف‬ 
, 2001). A comexpression of Ste protein in testes is diagnostic of dis-
parison of initial cleavage rates shows that in ovary ruption of the RNAi pathway. Both the Argonaute prolysate, target cleavage was slower for siRNAs with a tein, aub, and the putative DEAD-box helicase, spn-E, 2Ј-deoxy nucleotide at the 5Ј end of the antisense strand are required for RNAi in Drosophila oocytes (Kennerdell than for standard siRNAs ( Figure 2B) To validate the method, we examined RISC formation in embryo lysate. Four distinct complexes (C1, C2, C3, C4) were formed when siRNA was added to the reaction (Supplemental Figure S1A Figure 3C ). The not shown). Aub is one of five Drosophila Argonaute two alleles were analyzed together at least four times proteins, core constituents of RISC. It is therefore not using independently prepared lysates. In all assays, total surprising that Aub is required for RISC assembly. Since protein concentration was adjusted to be equal. Lysate RISC assembly in vitro was not detectable in aub
HN2
from the revertant allele, armi rev , which has wild-type lysates, our data suggest that Aub is the primary dorsal appendages, showed robust RNAi, demonstraArgonaute protein recruited to exogenous siRNA in Droting that the RNAi defect in the mutants is caused by sophila ovaries. In contrast, ovaries from nanos BN , a mamutation of armi, not an unlinked gene.
ternal effect mutant not implicated in RNAi, were fully competent for both RISC assembly ( Figure 4C ) and armi Ovary Lysates Are Impaired siRNA-directed target RNA cleavage (data not shown).
in RISC Assembly
The rate of target cleavage was much slower for armi 1 Identification of Intermediates in RISC Assembly than for wild-type ( Figure 3D ). Since the rate of target These data suggest that both armi and aub are required genetically for RISC assembly, but they provide no incleavage in this assay usually reflects the concentration P-radiolabeled and will always be presnative gel method detects only complexes competent to bind target RNA (mature RISC). Therefore, we used ent in complexes that contain double-stranded siRNA. However, RISC will contain the 32 P-radiolabeled antia native gel assay designed to detect intermediates in the assembly of RISC. We radiolabeled the siRNA, sense strand only for siRNA 1. siRNA 2 will also make RISC, but it will contain the nonradioactive sense strand. allowing detection of complexes containing either single-stranded or double-stranded siRNA and used funcWhen either siRNA 1 or siRNA 2 was used to assemble RISC in embryo lysate, two complexes (B and A, ( Figure 5D ) and analyzed the data by kinetic modeling we continued the incubation and monitored the formation of complexes. Complex B disappeared with time, (Figure 5E ). Of all possible models relating free siRNA, B, A, and RISC, only the simple linear pathway siRNA A increased with time then peaked at ‫06ف‬ min, and RISC accumulated throughout the experiment ( Figure 5F ). The → B → A → RISC fit well to our data (see Experimental Procedures). The modeled rate constants for the pathamount of radiolabeled free siRNA was essentially unchanged throughout the experiment, demonstrating that way are consistent with the observation that formation of complex B is ATP independent, but RISC is ATP dethe unlabeled siRNA effectively blocked incorporation of 32 P-free siRNA into complex. Thus, B was chased into pendent.
We also performed a "chase" experiment to confirm RISC, likely via A. Together, our kinetic modeling and chase experiment provide support for a RISC assembly our prediction that complex B is a precursor to RISC (via A). Complex B was assembled by incubating . The requirement for a putative ATPaseArmi-in RNAi triggered by single-stranded siRNA suggested to us the presence of an additional ATP-dependent step in the RISC assembly, after siRNA unwinding.
To test if loading of single-stranded siRNA into RISC requires ATP, we added 5Ј-phosphorylated, singlestranded siRNA to embryo lysates depleted of ATP. After incubation for 2 hr, no cleavage product was detected, suggesting that there is at least one ATP-dependent step downstream of siRNA unwinding (Supplemental Figure S3B) . The stability of single-stranded siRNA was not reduced by ATP depletion. In fact, single-stranded siRNA was slightly more stable in the absence of ATP (Supplemental Figure S3C online) . Thus differential stability cannot account for the requirement for ATP in RNAi triggered by single-stranded siRNA. In the RNAi pathway, there are at least three steps after siRNA unwinding: RISC assembly, target recognition, and target cleavage. To assess if either target recognition or cleavage was ATP dependent, we incubated single-stranded siRNA in a standard RNAi reaction with ATP to assemble RISC. Next, NEM was added to inactivate the ATPregenerating enzyme, creatine kinase, and to block further RISC assembly. NEM was quenched with dithi- deplete ATP. Finally, mRNA target was added and the reaction incubated for 2 hr. Using this protocol, high ATP levels were maintained during RISC assembly, but less than 100 nM ATP was present during the encounter the smallest, most abundant complexes may contain of RISC with the target RNA. Target recognition and only the most stably associated protein constituents, cleavage did not require ATP when RISC was prowhereas the larger, less abundant complexes may corgrammed with either double-or single-stranded siRNA, respond to "holo-RISC" that retain more weakly bound provided that ATP was supplied during RISC assembly proteins. Clearly, a major challenge for the future is to (Supplemental Figure S3D) . define the protein constituents of each complex, their functional capacity, and their biological role. The development of a native gel assay that resolves distinct RISC Discussion complexes represents a step toward that goal. We have also identified two intermediates in RISC In Drosophila, mutations affecting the RNAi pathway are often lethal or female sterile, making the molecular assembly. Complex B forms rapidly upon incubation of siRNA in lysate, in the absence of ATP. The siRNA is then characterization of these mutants difficult. Our finding that lysates that support RNAi in vitro can be prepared transferred to complex A, which contains the previously identified R2D2/Dcr-2 heterodimer. The siRNA is double from manually dissected ovaries has allowed us to analyze the molecular function of armi, a maternal effect stranded in both B and A. RISC is formed from complex A by a process that requires both siRNA unwinding and gene required for RNAi. Our methods should find broad application in the molecular characterization of other ATP. Both aub and armi are required genetically for the production of RISC from complex A. The involvement maternal genes required for the RNAi pathway.
We detected four distinct RISC-like complexes comof Armi, a putative RNA helicase protein, in the production of RISC from complex A and our finding that incormon to embryo and ovary lysates (C1-4 in Supplemental Figure S1 and Figure 4) . In ovaries, formation of these poration of single-stranded siRNA into RISC requires ATP suggest that Armi functions to incorporate singlecomplexes is reduced Ͼ10-fold in armi mutants and is undetectable in aub mutants, which were shown prestranded siRNA into RISC (Figure 7) . However, our data cannot distinguish between direct and indirect roles for viously to be RNAi defective (Kennerdell et 
Stellate Immunofluorescence
Testes were dissected in testes fixation buffer (1 mM EDTA, 183 mM KCl, 47 mM NaCl, 10 mM Tris, pH 6.8) and fixed with formaldehyde as described (Theurkauf, 1994) . Ste protein was labeled with anti-Ste IgG at 1:100. Images were analyzed by confocal microscopy using a Leica TCS-SP inverted laser scanning microscope. DNA was stained with TOTO-3 (Molecular Probes).
Rates for k 4 , k -4 , k 5 , k -5 , k 6 , and k -6 ranged from 5-fold (k 5 ) to 10 8 -fold (k -4 ) slower than the slowest forward rate for the linear pathway F → Ovary Lysate Preparation B → A → RISC. The data were therefore modeled neglecting rates Wild-type or mutant fly ovaries were dissected with forceps (World k 4 , k -4 , k 5 , k -5 , k 6 , and k -6 to generate Figure 5E . Precision Instruments 500232) and collected in 1 ϫ PBS buffer in 0.5 ml microcentrifuge tubes. Ovaries were centrifuged at 11,000 ϫ g for 5 min at 4ЊC. The PBS was removed from the ovary pellet, then Crosslinking 5Ј 32 P-radiolabeled siRNA duplex was used at 4 million counts per ovaries were homogenized in 1 ml ice-cold lysis buffer (100 mM potassium acetate, 30 mM HEPES-KOH at pH 7.4, 2 mM magnesium minute in a standard RNAi reaction, incubated 45-60 min at 25ЊC, then transferred to a 96-well round bottom plate on ice. Samples acetate) containing 5 mM DTT and 1 mg/ml complete "mini" EDTAfree protease inhibitor tablets (Roche) per gram of ovaries using a were irradiated for 10-15 min with 302 nm light using an Ultraviolet Products model TM-36 transilluminator inverted directly onto the plastic "pellet pestle" (Kontes). Lysate was clarified by centrifugation at 14,000 ϫ g for 25 min at 4ЊC. 
